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P
e ideas. It provides a unique opportunity for theorists, experimental-

ists and accelerator physicists who previously had litele interaction with
each other to discuss new approaches as well as practical and fundamental
limitations, and to form collaborations for furure rescarch.
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Goals
Exploration of New Physics
searches in heavy ion collisions

First workshop resulted

contribution to ‘European Strat-
egy for Particle Physics' (ESPP)

New physics searches with heavy-ion
collisions at the CERN Large Hadron Collider
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Magnetic monopoles

Magnetic field in 5.02 TeV PbPb
|B| ~ 4101 T ~ 7 GeV?

Magnetic charges

V- E=pe,VxE=-8B—ju
V- -B=pu,VxB=—8E—je

Dirac quantisation
g € gpZ with gp = 27‘(’/60
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Drell-Yan crosssection is wrong

e—>g=27/e Duality

Because gp ~ 20.7 > 1
Process is non-perturbative

Instanton tunneling action
[ o e S
Monopole Schwinger production
g2|BJ? § 2

83

Needs strong magnetic field

=

Time dependence

enhanced production for rapid
pulses

Spatial inhomogeneity

Effect not known

Solitonic monopole size
Enhances production
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Magnetic monopoles in MoEDAL

MoEDAL close to LHCb l Magnetic monopoles in pp 2019 @ Magnetic monopoles in PbPb

Drell-Yan production with f-independent coupling Avgust 2019 N ew resu |t © 210 6 11933
o Includes Schwinger production
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Magnetic monopoles

Multiply charged particles Leading limits

Long-lived particles 15TeV < m < 3.75 TeV
.. . 2

Mini charged particles 260 < g < 5gp Magnetic charge (gp)

Q-balls Exclusion of masses up to 75 GeV
Strangelets Only photon fusion and Drell-Yan

Highly ionizing particles No non-perturbative effects

—
o
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New Physics @ CMS

Magnetic monopoles Axion like particles (ALPs) Best ALPs limits
under investigation light pseudoscalar E_)GeV ﬁx.sﬂcﬁmgﬁf}.{gp12(2017.044
Signature considerations Often studied via y7y interaction Jf £

< LEP

Non-helicoidal trajectory
Heavily ionising

Specific shower shape

If monopolium: decay to yy

Ultra peripheral HI collisions
Pb Pb(*)

Naive estimate for PbPb
using Superchic3
only large clusters in tracker Cuts
no systematic uncertainties Er > 2GeV
M ~ 400GeV @ 95% CL In| < 2.4
My, > 5GeV
pr < 1GeV
Ay = |1 — A¢/m| < 0.01

|
100 120
m, [GeV]
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ALPs @ ATLAS

Search strategy

exactly two photons with
Er >25GeV and |n| < 2.37

invariant mass my, > 5 GeV

Veto
no tracks with pr > 100 MeV

no pixel tracks with
pr > 50MeV and |n¢,| < 0.5

Back-to-back topology

pr(1v) < 2GeV
reduced acoplanarity < 0.01

Partially exploits low trigger

Cross section steeply falling

107

Yo
T iotal
leptons.

10°?
10° 107 10" 10 10° 10’
Vs (GeV)

Exclusion with 2.2nb~1 2021
Existing constraints from JHEP 12 (2017) 044

Y-y+inv.

PrimEx

(2019) 134826)

Beam-dump (this paper)
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ALPs @ LHCb

Study used

= Superchic3
= FPMC (modified for PbPb)

ATLAS, 37,pp @5 =8 TeV

Acceptances included

Main backgrounds "o Pbp@(_ 81Tev V¥ = 77, Pb-Pb @ Y5, = 55 TeV

™ 1
This work, Forward selection, L = 30 nb” This work, Forward Selection, L = 0.2 nb”
4
« This work, Forward selection, L = 600 nb™ steieinie This work, Forward Selection, L = 4 nb

I|ght—by—||ght Scattering + Ths work, Contral sefeotion, L = 5ph” s e+ This work, Central Selection, L = 1nb”

Knapen et. al, Central Selection, L = 1nb™"

di_electron Wlth mis_ i ~ Baldenegro et. al, Central selection, L = 5 pb™ 7 -~y ;i

;
i ificati 15 20
identification 10 15

20
m,[GeV] m,[GeV]

Photon reconstruction in pPb Expected to surpass current limits
TS e for masses below 5 GeV

Pb @ = B.16 T
PPL @ V5, Enﬁ eV 4 photons reaching ECAL (i
21 photons from n° decays 4. photon reconstruction (¢

i # oot e - Light ALPs also accessible @ ALICE

..F.+._.’k+++

°

photon fraction

Potential New Physics search with-
out competition by CMS or ATLAS

5 6 7
photon pr [GeV/c]
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T-lepton g — 2

anomalous magnetic moment Measure in HI Expected improvement
Pb -
ar = (g‘l' - 2)/2 Ze 4 i =2nb", 5% sys.

“2nb", 1% sys.

T =20 nb™, 1% sys.

\

Expected significance [std. devi:
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Constraint from DELPHI Differential distribution

—0.052 < a, < 0.013 Cancel uncertainties using

ratio to ee, QL processes oELP} 200

poorly constrained due to short
lifetime

Pb+Pb, 2 b, 5%, —
Pb+Pb, 2nb, 1% sy: —_—

Pb+Pb, 20 b, 1% sys [

i i I
-0.12 -0.1 -0.08 -0.06 -0.04 -0.02 0 0.02 0.04 006 0.08
95% CL limit on a,
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Sexaquarks

S = uuddss
spin, colour, and flavour singlet

no pion interactions

Tightly bound and compact

So far not excluded
Despite searches for the H-
dibaryon with same quark content

Because search relies on

= unstable particle

= heavy particle (> 2 GeV)
= interaction with A

r¢ ~ 0.2fm

However
S is similar to neutron

Dark matter candidate

Quasi stable with 2pm/2, ~ 5
without free parameters

Exclusion bounds on S — AA

effective Yukawa coupling
0.1

BBN/Ly-a
Hypernuclei
RELIC ABUNDANCE
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Proposal

search in HI collisions
behind a neutron absorber shield
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Muon deficit in cosmic rays just above LHC energies

Cosmic ray energy spectrum

Equivalent c.m. energy Vs, (GeV)
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« ATe = KASCADE (SIBYLL 2.1)
+ PROTON *  KASCADE-Grande
u Tibet ASq (SIBYLL 2.1)
LHCh(SMOG)

+ Telescope Array
« Piere Auger Obs.

T T T ]
Energy

Described by

string fragmentation

high density effects in hadronization

diffraction

higher order effects (multi-Pomerons)

remnants

(eViparticle)

Muon production

in air showers badly described
Muon deficit

in simulations

Ad hoc change of

muon production by ~ +4%
E=10"eV

uncertainties mostly due to

nuclear collision extrapolations

Need input
from light ion collisions data

—EPOS-LHC

-+Ad hoc modified EPOS-LHC, a rescaled
----Ad hoc modified EPOS-LHC, Ny rescaled
——QGSJet-11.04 -

ref
"

[ @ 1Auger 2015

—InN;

(InN,,)

(Xmax)/gem™

Precision measurements in
pA and AA with A < 20
needed

Ideal test
pO and OO collisions

Although LHC results suggest
that the muon deficit prob-
lem is due to SM uncertainties
there is room for NP models
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New Physics @ ALICE

Dark photon search Run 1 GeV scale dark boson under study @ anti-*He cosmic ray predictions

QGP is additional thermal source 1073 ;

~ Oparam bCk  —— OGeants bck

— Oparam DM —— OGeanta DM _|
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[y
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Conclusion

Second successful workshop on New Physics searches in heavy ion collisions

Potential New Physics (more than presented in this talk)

= Magnetic monopoles
Axion-like particles
Sexaquarks
Dark photons
Soft New Physics
Long-lived New Physics

Connection to

= Cosmic ray air showers
= T-lepton g — 2
= Gravitational waves

Summary will be published as contribution to Snowmass 2021
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Upcoming HI runs at the LHC

PbPb and pPb in Run 3 and 4
more collisions at LHCb

minor penalty for the others
1-month PbPb

2.2-2.8nb~! ATLAS/ALICE/CMS
~0.5nb~! LHCb

~ 5 runs to reach targets

13nb~1
2nb1!

Future work

IP1/2/5
IP8

performance enhancements studies

1-month pPb

530-690nb~! ATLAS/CMS
310 nb~! ALICE
150 nb~ LHCb

Two runs sufficient

1200 nb~?
600 nb~1
factor ~ 2 missing

IP1/5
IP2

LHCb

Beam loss mitigation

Orbit bumps

Crystal collimators
(Dispersion suppressor collima-
tors)

Options for short light ion run
with OO and pO

Motivation

physics interest

machine performance study for fu-
ture light-ion operation

Run 5

Updated scenarios for light-ion op-
eration under study
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The SuperChic Monte Carlo event generator

Ultraperipheral HI collisions Basic idea ALPs @ ATLAS
v collisions key mode for BSM | o = f dx1dxoN1 M0 yy— x 2
production Photon flux n; well known

SuperChic 4 MC in terms of EM form factor

full differential generator

Pb

Survival factor captures
Central exclusive processes (CEP) l additional soft production e

‘ ‘ ATLAS ]
Pb+Pb S, = 5.02 TeV

¢ Data, 2.2 nb™ 1
[ Syst. O Stat.
8 SuperChic 3.0

= QCD induced

) impact parameter dependence
= photon induced

| Jordo A/ [ dgtPA, PhPb

[
o

do,/dm,, [b/GeV]

including survival factor for P VIS SO My > 10 GV —
pp, pA, and AA ;

Examples

= T-lepton g — 2
= ALPs and light-by-light scat. : ‘
= Monopoles Poma Ty

30
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Light dark photons from meson decays

HADES
GSI SISl8 detector in Darmstadt

1 3 5 GeV +uoNh3555Vl '

o p+p 36 GeV

- a
Q Q
[ -

do/dM,, [mb/(GeV/c))]
9,

M, [GeV/c?]

pp at 3.5 GeV
pNb at 3.5 GeV
Ar KCI at 1.76A GeV

Theoretical description

with Parton Hadron String Dy-
namics (PHSD)

a non-equilibrium microscopic
transport approach

Production of dark photons

in Dalitz decays

" 7[.0, N — YYdark
= A= N'Ydark

Decay into lepton pair

Ydark — e+e—

Described approach

allows flexible reinterpretation of
experimental constraints

Predictions w/o exp. acceptance

| Au+Au, 4.0 AGeV, min. bias PHSD

- - -7’ Dalitz

—+=- n Dalitz

-+~ ADalitz
-~ Dalitz

s o
3 Bt
e o AU
) © SumU
Sum SM+U(10%)
Sum SM+U(50%)

2
-
3
]
z
=
z
=
e

0.2 0.4 0.6
M [GeV/c']

Reproduce

upper limit on kinetic mixing
for 0.15GeV < m,,,, < 0.4GeV
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Soft New Physics

GeV-scale New Physics
Right-handed neutrinos

cascade decay
supersymmetry

u

compressed dark sectors

n X
mm— 7] Am pr(l) ~ Am
<1
X m ~*

Concrete DM model signature
Xs

w* v
€+

-

7 N(T

XS

Not detectable in pp

Am [GeV]

o~1ldo/dpr
=
<

7
lepton pr [GeV]

Idea: Soft leptons in HI

Higher Sensitivity due to lower
trigger
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Soft long-lived particles

Light right-handed neutrinos

long-lived
escape QGP unhindered

Ideas for searches
= exploit low triggers
= use lighter ions

Lighter ions can have advantage

over pp collisions at equal running
time

Tev

PbPb 5.5 5/nb

2 0.5/pb
Z ArAr 6.3
% A 5/pb

——--pp__ 14 50/

DELPHI

(short lived)

i
;
v
v
¥
7

lons : s L

TeV
/

ToPb 55  5mb
/ ar 63 PP
72 5/pb

- p M5O

TR A

\\

2 3 5
M; [GeV]

20

2.5

3.0 3 5 4.0
M;[GeV]
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New particle observations in PbPb @ CMS

X(3872) resonance

exotic meson with 1+

Possible explanations

cucu Tetraquark
—x0
D°-D"" molecule

X(3872) to 9(2S) yield ratio

1.7 nb” (PbPb 5.02 TeV)

CMS
F Prompt

NX@872- Jymr

® PbPb (5.02 TeV)
Iyl < 1.6, 0-90%

W pp (7 TeV)
Iyl < 1.2 (CMS)

" pp(8Tev)
Iyl < 0.75 (ATLAS)

40
Py (GeVic)

in PbPb well above 5o

PbPb (1.61 nb™, 5.02 TeV)

| CMs
{— Preliminary

high BDT

—e— Data
S Signal
—— Rotated Jiy + X
LB Uy X
— Fake J/y + X
Wrong-sign
f,

gnal = 0.364
foackgroma = 0012
s/(sB=48
purity = 0.858
N 27

signal =

P
S

T
7 7,
m* [GeV]

tt production

1.7 nb™ (/s = 5.02 TeV)

¢ Data MWt
mw mtw
[CINonprompt [ Z/v*
B Total unc

1b 2b

PbPb, 1.7 nb”, ({s,,, = 5.02 TeV)
205N, 1og ——

2os

PP, 27.4 pb”, (Vs = 5.02 TeV)
(scaled by A%)

pgtiets/+N,
JHEP 03 (2018) 11

EPPSIGNLO
”ml CTH4NNLO X CT14NLO

NNLOSNNLL TOP++

Lo
NNLOSNNLL TOP++
NNPDF30 NNLO
NNLOSNNLL TOP++

Exp unc: sta, statosyst

e

Th unc: POF, PDF@scale

|
6

5
o [ub]
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Potential heavy New Physics in cosmic rays

Air showers
QCD interactions under extrem
conditions

Interaction energy
considerably above LHC energy

Muon deficit problem

Air shower simulation produce
much fewer muons for showers
above 107 GeV

Idea: Heavy New Physics

that produces many muons

CORSIKA8

Framework for investigations of
particle cascades in astroparticle
physics

Simulation of New Physics models

1017V, 0°
hy=20km

—= f=03,6=20
—= f=05=20
— QGSletl-04

Can be linked to

—_— <

Cosmic Ray Air

ANITA excess

Connected to

107"
is able to explain the muon deficit
problem

Cosmic Ray

long-lived particle searches in cos-
mic ray air showers
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CASTOR Calorimeter @ CMS

Very forward calorimeter

Successful data taking
in Run 1 and 2

Unique calorimeter data

—6.6 <n < -52

Centrality and pseudorapidity dependence
of transverse energy density in pPb

PPb |[s,,,=5.02 TeV (1.14nb™)

Inclusive very forward jet cross sections in pPb

Pb+p |s,,=5.02TeV 6.7 nb" VSp= 5:02 TeV
"anti-k;(R=0.5) 6.6<n<-5.2 Fems anti-k,(R=0.5) -6.6<n<-5.2

® Data +++ HIJING ® Data
- -~ EPOS

QGSJETII-04
| v uncertaney

DY

PN AR

QGSJETII-04
[ sy uncertaney

s

do/dE [mb/GeV]
p+Pb/Pb+p ratio

T T

2000 3000 4000 7000 1500
E [GeV] E [GeV]

Potential studies of New Physics

Baryon-rich forward fragmentation region
search for strangelets and penetrating particles
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Gravitational Waves

Proposal to test

mHz gravitational waves at LHC
Method

Change in bunch travel time due
to change in test mass velocity
Velocity change causes
significant effect on travel time

LHC
used as storage ring

Needs additional
detection system

Noise sources

= Quantum noise (quantum un-
certainty in time-tagging pro-
ton bunches)
Gravity gradient noise (due to
sun, moon, alps, ...)
Seismic noise
Radio frequency phase noise

Idea
Probe gravitational waves during
heavy ion runs

Questions
Effect of rest gas collisions

Effect of synchrotron radiation

Impact of lower energy
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